Transfer of the human aquaporin 1 (hAQP1) gene provides a novel way to potentially correct the severe salivary hypofunction associated with therapeutic radiation for head and neck cancer. To facilitate the study of individual cells transduced with this gene, we have designed a fusion product of the hAQP1 and jellyfish green fluorescent protein (GFP ) cDNAs. An expression plasmid, pACCMVhAQP1GFP, and a recombinant adenovirus, AdhAQP1GFP, encoding this fusion product were constructed. Both the recombinant plasmid and virus directed the expression of the encoded, 55-kDa fusion protein (hAQP1GFP), which was detected in the plasma membranes of several epithelial cell lines (293, SMIE, and A5). hAQP1GFP was functionally active and facilitated fluid movement across a polarized salivary epithelial cell monolayer (ϳ5-fold noninfected controls) in response to an osmotic gradient. In response to a hypotonic challenge, individual epithelial cells expressing the fusion protein exhibited significantly more capacitance (used herein as an indicator of cell swelling) than control cells. Conversely, in response to a hypertonic challenge, individual infected cells shrunk more rapidly (ϳ2-to 3-fold) and to a greater extent than control cells. We conclude that AdhAQP1GFP is a useful experimental tool to identify and study individual cells expressing a water channel transgene. Cancer Gene Therapy (2000) 7, 476 -485
R ecombinant adenoviruses are potentially useful vectors for gene therapy of many human diseases. [1] [2] [3] One acquired condition for which there is no adequate conventional therapeutic approach is the severe salivary gland hypofunction that occurs as a consequence of therapeutic irradiation for head and neck cancer. 4, 5 Patients unable to secrete saliva suffer considerable morbidity including dysphagia, oropharyngeal infections, mucositis, and pain. 6, 7 Their quality of life is significantly reduced. Previously, we have used a replication-deficient recombinant adenoviral vector (AdhAQP1) encoding the archetypal water channel, human aquaporin 1 (hAQP1), to correct the severe secretory hypofunction resulting from radiation-induced damage to rat salivary glands. 8 Although salivary gland function was restored, the mechanism by which hAQP1 affected this positive outcome could not be established.
hAQP1 belongs to the major intrinsic protein family and consists of a functional monomer with six transmembrane helices. 9 -11 The helices appear to be arranged around a central structure mediating facilitated water transport. 10, 11 The hAQP1 monomer consists of a 28-kDa nonglycosylated form and glycosylated forms of a larger mass (ϳ35-45 kDa), whereas hAQP1 exists in a noncovalent tetramer of individually functional monomers in cell membranes. hAQP1 is naturally expressed in erythrocytes and in many epithelial and endothelial tissues including kidney, choroid plexus, lung, ciliary body, bile duct, gall bladder, eye lens, brain, and placenta. 9 -11 The specific aim of this study was to develop a recombinant adenovirus that was able to efficiently express a functional hAQP1 transgene, tagged with a reporter molecule, thus making it suitable for identifying and studying the physiology of individual living salivary epithelial cells. The reporter molecule that we chose to use is green fluorescent protein (GFP) from the jellyfish Aequorea victoria. GFP is a 238-amino acid-encoded protein and is often used as a marker for gene transfer, or as a protein tag, because of its endogenous capacity to fluoresce after excitation by ultraviolet light. [12] [13] [14] [15] [16] [17] Native GFP has been modified considerably for experimental use. The S65T form, in which serine 65 has been mutated to a threonine, is four times brighter than wild-type GFP, as well as more stable, with improved folding characteristics. 18, 19 Our data demonstrate that the recombinant adenovirus that has been constructed, AdhAQP1GFP, can direct functional fusion gene expression in epithelial cells. We expect AdhAQP1GFP to be useful generally for investigators interested in manipulating transmembrane-facilitated water permeability in a variety of cell types in vivo, as well as to facilitate a specific understanding of the mechanism by which a water channel transgene can restore fluid secretory capacity to irradiation-damaged salivary glands.
MATERIALS AND METHODS

Construction of pACCMVhAQP1GFP
A DNA fragment (881 bp) corresponding to the open reading frame of hAQP1 was prepared by polymerase chain reaction (PCR) amplification of hAQP1 cDNA. 8, 20 The forward PCR primer was 5Ј-GGCGGGTACCAGCTCTCAGAGGGAATT-GAGCACCCGGCAGCGGTCTCAGG-3Ј, containing a KpnI site (underlined) that generated a KpnI compatible overhang after KpnI digestion. The reverse primer was 5Ј-CCTTCTC-CATGGGCTTCATCTCCACCC-3Ј, containing a NcoI site (underlined). A DNA fragment (737 bp) corresponding to the open reading frame of S65TGFP cDNA was also prepared by PCR amplification. The forward primer was 5Ј-GGCACCAT-GGTGAGCAAGGGCGAGG-3Ј, containing a NcoI site (underlined). The reverse primer was 5Ј-GCCTGGATCCTT-TACTTGTACAGCTCG-3Ј, containing a BamHI site. Both of the PCR products were digested with NcoI and then the compatible 5Ј end of GFP was ligated to the 3Ј end of the hAQP1, resulting in an in-frame fusion product of the two cDNAs, hAQP1GFP (1618 bp). The conjugated product was inserted into the KpnI and BamHI sites of pACCMV.pLpA (a generous gift of Dr. C. Newgard, University of Texas-Southwestern, Dallas, Tex) to yield the plasmid pACCMVhAQP1GFP (see Fig 1) . This plasmid includes the cytomegalovirus promoter/enhancer and the simian virus 40 polyadenylation site. The construction was confirmed by restriction endonuclease mapping and by conventional dideoxy nucleotide sequencing.
Construction and purification of AdhAQP1GFP
pACCMVhAQP1GFP was cotransfected with pJM17 (a generous gift of Dr. F. Graham, McMaster University, Hamilton, Ontario, Canada) into 293 cells as described previously, 8, 21 to yield the replication-deficient, recombinant adenovirus AdhAQP1GFP (Fig 1) . AdhAQP1GFP was purified from lysates of infected 293 cells by two rounds of CsCl gradient centrifugation, 21 and titers of virus stock were determined by plaque dilution assays. 22 The recombinant virus was stored at Ϫ80°C until use.
Other adenoviruses used
AdhAQP1 is a replication-deficient recombinant adenovirus encoding hAQP1 and has been described previously.
8 Addl312 is a replication-deficient adenovirus with no transgene and was a generous gift of Dr. T. Shenk (Princeton University, Princeton, NJ).
Cell culture
Human embryonic kidney 293 cells (Microbix, Hamilton, Ontario, Canada) were grown in improved minimum essential medium (IMEM) (Biofluids, Rockville, Md) supplemented with 10% heat-inactivated fetal bovine sera (FBS), 2 mM glutamine, 100 U/mL penicillin, and 100 g/mL streptomycin at 37°C in a fully humidified atmosphere of 5% CO 2 in air, and were routinely passaged every 3-4 days using trypsin/versene Figure 1 . Schematic representation of the construction of the recombinant adenovirus, AdhAQP1GFP. Fused hAQP1 and humanized S65T-GFP cDNAs were cloned into the KpnI and BamHI sites of the multiple cloning site of pACCMV.pLpA, as described in Materials and Methods, resulting in pACCMVhAQP1GFP. This plasmid includes some adenovirus type 5 sequence, a cytomegalovirus promoter, and a simian virus 40 polyadenylation site (pA); in addition, it is a useful shuttle vector for constructing recombinant adenoviral vectors. 21 The plasmid was cotransfected into 293 cells with pJM17, which contains most of the type 5 adenovirus genome. After homologous recombination between these two plasmids, 21 the replication-deficient, recombinant adenovirus AdhAQP1GFP was generated.
(Biofluids). A5 cells 23 and SMIE cells 24 were grown and maintained in McCoy's 5A medium and Dulbecco's modified Eagle's medium (DMEM), respectively, supplemented as described above, and were routinely passaged twice a week using trypsin/versene (Biofluids).
Western blot analysis
The 293 cells were grown to confluence in IMEM as described above on 6-well tissue culture plates (Becton Dickinson Labware, Franklin Lakes, NJ) and were transfected using Lipofectamine (Life Technologies, Gaithersburg, Md). Cells were transfected with 2 g of pACCMVhAQP1GFP or not and 12 L of Lipofectamine in 1.5-mL serum-free IMEM (with 2 mM glutamine, 100 U/mL penicillin, and 100 g/mL streptomycin) per well. Cells were incubated for 5 hours at 37°C and 5% CO 2 in the presence of the DNA-liposome complex, and then the medium was replaced with fresh medium containing 10% FBS and further incubated for 24 hours. Similarly, SMIE cells were grown in DMEM to confluence as described above and infected with varying multiplicities of infection (MOIs) (defined as plaque-forming units/cell; Fig 2B) of AdhAQP1GFP at the apical surface. After 24 hours, all cells were collected and washed with phosphate-buffered saline (PBS), pH 7.5 (Life Technologies). Thereafter, the cells were lysed in 1 mM NaHCO 3 containing 100 g/mL of phenylmethylsulfonyl fluoride (Life Technologies) and 20 g/mL of aprotinin (Sigma, St. Louis, Mo) and centrifuged at 3000 ϫ g in a refrigerated microfuge to remove debris. The resulting supernatant was ultracentrifuged at 170,000 ϫ g for 30 minutes in a TL-100 ultracentrifuge (Beckman, Palo Alto, Calif). The resulting pellet was used as a crude membrane preparation and was suspended in 50 mM tris(hydroxymethyl)aminomethane-HCl, pH 7.5. Protein concentration was measured using the Bio-Rad protein assay reagent (Bio-Rad Laboratories, Hercules, Calif). Membrane protein (5 or 10 g) was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis using 12% polyacrylamide gels (Novex, San Diego, Calif), and Western blots were performed with an affinity-purified antibody to hAQP1, 25 as described previously, 8, 26 using the enhanced chemiluminescence method (Amersham International, Little Chalfont, UK).
Expression of fusion protein in different epithelial cells
The 293, SMIE, and A5 cells were infected with 1.0 MOI of AdhAQP1GFP. After 18 hours, the cells were trypsinized and washed with PBS. Thereafter, the cells were immobilized on glass slides using a StatSpin Cytofuge (M801-22, StatSpin, Norwood, Mass) according to the manufacturer's protocol. In some experiments, SMIE cells were infected with varying MOIs of AdhAQP1GFP after being grown to confluence on coverslips. After 24 hours of incubation, cells were fixed in 2% formaldehyde for 30 minutes. After several washes in PBS, cells were incubated in PBS containing 100 mM glycine for 20 minutes at room temperature. Cells were washed twice in PBS, washed once with double-distilled water, and air-dried for 5 minutes at room temperature. The fixed cells were then mounted in Citifluor mounting media (Ted Pella, Redding, Calif) and covered with a glass coverslip. Cells were visualized for GFP fluorescence using a Leica TCS-4D confocal imaging system (Leica, Heidelberg, Germany) mounted on a Leica DMR microscope with a krypton-argon laser (objective lens was ϫ40 for Fig 3 and ϫ100 for Fig 5) .
Measurement of transepithelial fluid movement
We examined osmotically obliged fluid movement across a SMIE cell monolayer in vitro as described previously. 24.26 Net fluid movement was measured across either nontransfected or pACCMVhAQP1GFP-transfected SMIE cells as well as across noninfected, AdhAQP1GFP-infected, or AdhAQP1-infected SMIE cells. Briefly, cells were grown to confluence in DMEM as described above in 24.5-mm diameter Transwell-Col culture chambers (Corning Costar, Cambridge, Mass). Transfections were performed with Lipofectamine as described above. Cells were transfected at their apical surface with varying amounts (Fig 4A) of plasmid DNA and 12 L of Lipofectamine in 1.5 mL serum-free DMEM (with 2 mM glutamine, 100 U/mL penicillin, and 100 g/mL streptomycin) per well. Cells were incubated at 37°C and 5% CO 2 in the presence of DNAliposome complexes for 5 hours, and then the medium was replaced with fresh medium containing 10% FBS. After an additional 24 hours, cell layers were analyzed for osmotically induced fluid movement. Fluid movement was measured for 30 minutes with hyperosmotic medium in the apical chamber (440 , and an affinity-purified hAQP1 antibody 25 was used for immunodetection. B: Membrane protein (5 g) was prepared from rat kidney (positive control) or from SMIE cells infected with either Addl312 (as a negative control; it encodes no transgene), AdhAQP1, or AdhAQP1GFP at the indicated MOIs. Western blots were performed as in described in (A). In both blots, the arrow points to the 55-kDa immunopositive band representing the fusion protein.
mOsm) and isosmotic medium in the basal chamber (340 mOsm). Similarly, SMIE cell monolayers were transduced with varying MOIs (see Fig 4B) of AdhAQP1GFP at the apical surface. To compare the ability of different viruses to enhance fluid movement across SMIE cells, cells were transduced with 0.5 MOI of AdhAQP1GFP, AdhAQP1, or Addl312. After 24 hours of incubation, the fluid movement was measured for 15 minutes as described above. Experiments typically were performed in triplicate on at least two separate occasions.
Measurement of membrane capacitance
Standard patch-clamp methodology 27 was used to measure cell membrane capacitance (C m ), which in turn is a good indicator of cell swelling. 28 -30 Briefly, after rupturing the cell membrane and establishing a whole cell configuration, C m was measured using Axopatch 200A (Axon Instruments, Foster City, Calif) in conjunction with Clampex 7 software (Axon Instruments). The amplitude of square-wave voltage pulses was set to 20 mV at 0.5 Hz with a train duration of 2000 milliseconds, and an averaging of 20 cycles were used for the C m estimates at a holding potential of 0 mV. Digitized data (Digidata 1200 A/D converter from Axon) were analyzed using Origin 5 (Microcal Software, Northampton, Mass). Patch electrodes were pulled from 1.0-mm borosilicate glass tubing using a Flaming/Brown micropipette puller (Sutter Instruments, Novato, Calif) with the resistance of 3-6 M⍀. The pipette solution contained 150 mM KCl, 1 mM MgCl 2 , 1 mM adenosine triphosphate, and 10 mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid (HEPES); pH was adjusted to 7.2 with KOH. The normal (isotonic) extracellular solution with ϳ330 mOsm contained 145 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 10 mM glucose, and 10 mM HEPES; pH was adjusted to 7.4 with NaOH. The hypotonic solution used with ϳ270 mOsm contained 115 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 10 mM glucose, and 10 mM HEPES; pH was adjusted to 7.4 with NaOH. SMIE cells were grown at a low density on coverslips in a 6-well cell culture dish to isolate single cells. After 24 hours of incubation, cells were infected with 0.5 MOI of AdhAQP1GFP or not and incubated for an additional 24 hours. Control or infected cells on coverslips were placed in a perfusion chamber (Warner Instruments, Hamden, Conn). Perfusion was achieved by a gravity-driven system at a rate ϳ5 mL/minute. The C m was continuously recorded after the whole cell configuration was achieved. Additional details of the experimental procedure are provided in Results and in the legend to Figure 7 .
Measurement of cell area
SMIE cells were seeded onto coverslips and infected with 0.5 MOI of AdhAQP1GFP as described above. Cell images were recorded using a charge-coupled device camera (Dage MTI, Michigan City, Ind) mounted on a Nikon microscope (Nikon Corporation, Tokyo, Japan; ϫ40 objective magnification) equipped with Metamorph software (Universal Imaging, West Chester, Penn). The cells were bathed in an isotonic external solution of 330 mOsm, at which time the initial image was acquired (set as 100% at time 0). Thereafter, a hypertonic solution (1 M NaCl) was added at the 3-second timepoint (final concentration of 440 mOsm). Next, images of cells were acquired at 5-second intervals for 2 minutes and stored in a computer before analysis. The area of each recorded cell at every timepoint was calculated using the Metamorph software and is shown in Figure 8 relative to the cell area before exposure to the hypertonic solution.
RESULTS
Detection of the hAQP1GFP fusion protein in cell membranes
Initially, we determined whether pACCMVhAQP1GFP and AdhAQP1GFP could direct the production of an appropriately sized fusion protein in 293 cells. After transfection or infection, respectively, crude membranes were prepared and proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Thereafter, proteins were transferred to nitrocellulose membranes and probed with an affinity-purified antibody to hAQP1. 25 In transfected cells (Fig 2A) , high levels of expression of a novel immunoreactive protein with a molecular mass of ϳ55 kDa were detected. This size corresponds well with the predicted size of the encoded fusion protein (28 kDa for hAQP1 plus 27 kDa for GFP). Membranes from nontransfected cells showed no such immunoreactive protein (Fig 2A) .
For the experiments shown in Figure 2B , the salivary epithelial cell line SMIE 24 was used. If SMIE cells were infected with a control virus that encodes no transgene, no AQP1-immunopositive bands were seen (i.e., SMIE cells do not produce AQP1). When SMIE cells were infected with AdhAQP1, immunoblots revealed the presence of nonglycosylated hAQP1 monomers at ϳ28 kDa and glycosylated monomers at ϳ35-40 kDa. However, when SMIE cells were infected with AdhAQP1GFP, only a single 55-kDa immunoreactive protein (Fig 2B) was seen. Expression of this protein was dependent upon the AdhAQP1GFP MOI to which the cells were exposed.
Localization of expressed hAQP1GFP in cells
To examine further the cellular localization of the hAQP1GFP fusion protein, we used confocal microscopy. None of the epithelial cells studied by us showed endogenous fluorescence (Fig 3) . However, after Adh AQP1GFP infection, the expressed hAQP1GFP fusion protein was observed in all epithelial cell types (SMIE, 293, or A5 cells) (Fig 3) . Each cell line was infected with AdhAQP1GFP at an MOI of 1.0 and was processed and observed after 18 hours, as described in Materials and Methods. The apparent fusion protein was readily detected by GFP fluorescence, primarily in the plasma membrane. GFP expressed in mammalian cells is typically cytosolic in distribution, 12, 13 whereas hAQP1 normally has a nonpolarized plasma membrane localization.
8,9
Determination of transepithelial fluid movement in hAQP1GFP-expressing cells To determine whether the hAQP1GFP fusion protein functioned as a facilitated water permeability pathway, we examined fluid movement across a polarized SMIE cell monolayer. 24 Monolayers were transfected using different amounts (1-4 g) of pACCMVhAQP1GFP plasmid (Fig 4A) or were infected with different MOIs (0 -10) of AdhAQP1GFP (Fig 4B) . Fluid movement across the SMIE monolayer was markedly enhanced when cells were transfected with pACCMVhAQP1GFP compared with fluid movement observed across nontransfected cells. In response to the 440-to 340-mOsm gradient, net fluid movement across the monolayers transfected with 2 g of the plasmid was ϳ5-fold greater than that across untransfected cells (Fig 4A) . Fluid movement was also dependent upon the amount of plasmid with which cells were transfected.
In similar experiments, SMIE cell monolayers were infected at different MOIs of AdhAQP1GFP. Fluid movement across infected cells was dependent upon the MOI. At an MOI of 1.0 for AdhAQP1GFP, fluid movement was ϳ3-fold that of uninfected cells. At an MOI of 5.0, transepithelial fluid movement was increased ϳ5-fold (Fig 4B) .
Effect of MOI on expression of hAQP1GFP in individual cells
Using confocal microscopy, we also examined the cellular localization of the expressed fusion protein as a function of MOI. As shown in Figure 5 , a relatively small percentage of SMIE cells expressed the fusion product at low MOIs (0.1-0.5; Fig 5, B and C) , and fluorescence was entirely localized to the plasma membrane. With increasing MOIs, more SMIE cells were infected; at an MOI of 10 (Fig 5F) 
Comparison of the effects of AdhAQP1 and AdhAQP1GFP on fluid movement
We compared the ability of the hAQP1GFP fusion protein to mediate fluid transport with that of recombinant hAQP1 as directed by AdhAQP1 (Fig 6) . To do this, SMIE monolayers were infected with 0.5 MOI of either AdhAQP1GFP, AdhAQP1, or Addl312 (as a negative control); fluid movement was measured as described above. Transepithelial fluid movement in noninfected cells and in cells infected with Addl312 was similar (ϳ5 L/cm 2 ). Fluid movement was increased dramatically in cells infected with AdhAQP1 (ϳ5-fold). AdhAQP1GFP-infected cells also permitted marked increases in fluid movement (ϳ3-fold that with Addl312), but not to the extent observed after AdhAQP1 infection.
Effect of hAQP1GFP expression on SMIE C m
The C m has been widely used to estimate the surface membrane area of cells, and as an index of cell volume. 28, 29 There is a positive linear correlation between C m and cell volume. C m was measured for individual SMIE cells infected with 0.5 MOI of AdhAQP1GFP and compared with that of individual control cells. SMIE cells have an average measured C m of ϳ1.4 pF (range from 0.4 pF to 2.2 pF, n ϭ 12) in normal isotonic solution (330 mOsm). This is comparable with values typically found in other epithelial cells. 29, 30 When SMIE cells were exposed to a hypotonic solution (270 mOsm), swelling was observed; in addition, the C m increased slightly in control cells but markedly in infected cells (Fig  7) . The difference in the extent to which C m was increased in infected cells (148 Ϯ 28%, n ϭ 4) compared with control cells (108 Ϯ 14%, n ϭ 4) was statistically significant (Figure 7 , P Ͻ .05). When an isotonic solution was then placed in the bath, the resulting C m was comparable with initial values (103 Ϯ 10% and 98 Ϯ 6% for infected cells and control cells, respectively).
Effect of hAQP1GFP expression on SMIE cell area As described above, SMIE cells were either infected or not with 0.5 MOI of AdhAQP1GFP. When the noninfected control cells (n ϭ 28) were exposed to a hypertonic solution (Fig 8) , the cell area steadily decreased, reaching a minimum at 20 seconds, with a rate of shrinkage of ϳ1.1% per second. This rate was calculated based on the change in cell area between the 5-and 10-second timepoints, and is expressed relative to the cell area determined at time 0 (taken as 1.0). Conversely, when infected cells (n ϭ 58) were exposed to a hypertonic solution (Fig 8) , cell area decreased rapidly, reaching a minimum at 10 seconds, with a rate of shrinkage of ϳ3.7% per second. Subsequent to cells reaching maximum shrinkage, both control and infected cells recov-ered to ϳ90% of the initial volume in 2 minutes (Fig 8) . The rate of recovery also appeared to be more rapid in infected cells.
DISCUSSION
Previously, we have shown the potential clinical value of transferring a water channel (hAQP1) cDNA into irradiated hypofunctional salivary glands. 8 Each year in the United States, 30,000 -50,000 patients experience therapeutic irradiation during their treatment for head and neck cancer, and most suffer significant reductions in saliva output. There is no conventional treatment to correct this disorder. A necessary component for the ultimate utilization of the suggested gene transfer approach to alleviate the significant morbidity experienced by patients with this condition is to determine the physiological events underlying the increased fluid movement by transgene-expressing irradiated cells. An essential first step in achieving this understanding is being able to identify individual living cells that express a water channel transgene. Subsequently, the identified cells could be investigated by a variety of physiological approaches to elucidate the specific secretory and transport mechanisms that are operative.
To achieve this first step, and thus facilitate the study of cells infected with a water channel-encoding recombinant virus, we have designed a fusion protein encoding hAQP1, the archetypal water channel, 9 with the GFP mutant S65T, as a fluorescent reporter tag. 12, 13 In theory, this approach should readily achieve the goal of localizing individual living cells expressing the fusion protein through fluorescence or confocal microscopy. We have shown previously that irradiated salivary epithelial cells can be readily infected with recombinant adenoviral vectors. 8, 31 Therefore, we constructed a recombinant adenovirus, AdhAQP1GFP, which encodes the fusion protein hAQP1GFP. Western blot analysis using an affinity-purified antibody to hAQP1 25 allowed the detection of a novel 55-kDa immunoreactive protein in crude membranes from transgene-expressing epithelial cells. This corresponds to the size of the molecule expected after fusion of the two described cDNAs. When cells were infected at low viral MOIs (0.1 or 0.5) and examined by ultraviolet-induced GFP fluorescence, fusion molecules were primarily detected in the plasma membrane. Furthermore, epithelial cell monolayers infected with AdhAQP1GFP at an MOI of 0.5 showed significant fluid transport activity (Fig 4B) . Clearly, the virally encoded fusion protein was functional and was routed to a site necessary for physiological water channel activity.
Importantly, in addition to these conventional studies, which showed considerable increases in fluid movement across infected epithelial monolayers, related biological effects of hAQP1GFP expression were also demonstrated readily in individual infected cells using other physiological techniques. Thus, by using patch-clamp electrophysiology, we showed marked changes in C m (an indicator of cell swelling) in GFP-expressing infected cells. Similarly, quantitative morphometry also showed significant changes in cell area in response to osmotic perturbation of GFP-expressing cells. These latter two results directly show that the single cells identified by GFP fluorescence display membrane properties consistent with significantly enhanced water permeability.
Although we have shown that the constructed hAQP1GFP transgene could support increased levels of osmotically directed transepithelial movement of fluid across SMIE cell monolayers, it is important to recognize that fluid movement was not to the full extent seen in cells infected with AdhAQP1 (i.e., the virus encoding the water channel without a GFP tag and used in our earlier studies with irradiated rat salivary glands). 8 The specific reason for this decreased efficacy (ϳ50%) in permitting transepithelial fluid movement was not addressed in the present study. However, both AdhAQP1 and AdhAQP1GFP are similarly effective in infecting SMIE cells at comparable MOIs. 26 Thus, it is likely that the added mass of GFP fused to hAQP1 alters water channel structure in some way, reducing functional activity. Impressively, the fusion protein is twice as large as the protein encoded by the hAQP1 cDNA, but, nonetheless, the expressed hAQP1GFP still permits considerable fluid movement in infected epithelial monolayers. There is one other report, to our knowledge, of GFP similarly fused to an aquaporin isoform, aquaporin 2. 32 This chimera was expressed in kidney epithelial cells and localized to plasma membranes.
We conclude that AdhAQP1GFP, encoding a tagged and functional water channel, provides a valuable way to localize cells expressing a water channel transgene, and therefore should be useful in understanding the physiological events associated with the return to function of transgene-expressing epithelial cells in irradiated salivary glands. This vector should readily facilitate the rigorous assessment of target cell physiology and consequently the indicated gene transfer strategy for potential clinical application. In addition, because of the importance of transepithelial fluid movement physiologically in many tissues (lung, kidney, etc.), we believe that AdhAQP1GFP will have value for other preclinical gene transfer applications. Figure 8 . Effect of hAQP1GFP expression on SMIE cell area. Cells were grown on coverslips and infected with 0.5 MOI of AdhAQP1GFP. The relative cell area was calculated using Metamorph software at each timepoint for both control and infected cells as described in Materials and Methods. The time course of the change (shrinkage) in cell area during the first 25 seconds and at 60 and 120 seconds is shown relative to the cell area at time 0 (100%). The hypertonic solution was added at 3 seconds. The change in cell area between 5 and 10 seconds for each cell group was used to estimate the rate of cell shrinkage.
